Anaerobic digestion is state-of-the-art technology to treat sludge and effluents from various industries. Modelling and optimisation of digestion operations can be advantageously performed using the anaerobic digestion model (ADM1) from the International Water Association. The ADM1, however, lacks a proper physico-chemical framework, which makes it difficult to consider wastewater of complex ionic composition and supersaturation phenomena. In this work, we present a direct implementation of the ADM1 within the PHREEQC chemistry engine. This makes it possible to handle ionic strength effects and ion-pairing. Thus, multiple mineral precipitation phenomena can be handled while resolving the ADM1. All these features can be accessed with very little programming effort, while retaining the full power and flexibility of PHREEQC. The distributed PHREEQC code can be easily interfaced with process simulation software for future plant-wide simulation of both wastewater and sludge treatment.
INTRODUCTION
Anaerobic digestion is a relevant and cost effective alternative for the treatment of both high strength industrial wastewater and waste activated sludge (WAS) (Pokhrel & Viraraghavan ; Jang et al. ) . The wastewater from a diversity of industries can be adequately treated by anaerobic technologies (brewery, beverages, distillery, fermentation, food, pulp and paper, chemical and petrochemical) (Mutombo ) . Anaerobic treatment has a lot of advantages, such as low energy consumption, low production of waste biological solids, low nutrient and chemical requirements, high removal efficiency (even at high loading rates), pathogen removal, good dewatering ability and biogas production (methane or hydrogen) ( Jang et al. ; Lim & Kim ) . In the paper industry, anaerobic treatment plants have been installed as wastewater pre-treatment before an activated sludge plant and reduce by at least 80% the energy consumption required for aeration. In return, the produced biogas gives a positive energy balance of approximately 347 MJ/ton of packaging paper produced, which can represent 4.6% of the total energy needs of the mill (Habets et al. ) .
Several anaerobic digestion technologies are available, which differ in organic loading rates and internal mixing conditions (Driessen & Vereijken ; Batstone et al. ) . Upflow anaerobic sludge blanket (UASB) reactors can treat moderate organic loading rates (5-10 kg chemical oxygen demand (COD)/m 3 /day), while expanded granular sludge blanket reactors can handle up to 25 kgCOD/m 3 /day thanks to effluent recycling. The hydraulic retention time typically varies from several hours for wastewater treatment to several weeks for WAS treatment (Couturier & Galtier ) .
The performance of anaerobic digesters can be affected by several problems, among which mineral precipitation may be critical. Minerals that are likely to precipitate in anaerobic digesters are calcium carbonate, struvite, and to a lesser extent calcium phosphates, magnesium phosphates, iron sulfide, and metal hydroxides (Musvoto et al. a; Batstone et al. ) . For instance, in UASB reactors treating recycled paper mill wastewater, high calcium concentration leads to carbonate precipitation inside the granules (Batstone et al. b). In closed circuits paper mill processes, the high mineral fraction in the digester (>20% reprecipitated CaCO 3 ) limits biomass availability, due to both reduced biomass amount and mass transfer limitations in the granules (Habets & Knelissen ) . Indeed, calcium carbonate may precipitate in the bulk or within the granules, the latter case being more harmful for the digester (Van Langerak et al. ) .
The anaerobic digestion model (ADM1) is a structured model developed by the International Water Association (IWA) that describes biological activity in water treatment operations (Batstone et al. a) . The model takes into account biochemical processes, and some chemical equilibria and physico-chemical processes. The biochemical model takes into account several processes, such as disintegration, hydrolysis, acidogenesis, acetogenesis and methanogenesis. The degradation of substrates and the biomass growth are modelled by Monod kinetics. The disintegration of particulate matter and biomass decay are represented by first order kinetics. The model simulates biogas production as well. The ADM1 includes physicochemical phenomena such as ammonium equilibrium, carbonic equilibria, dissociation equilibria for the considered organic acids, and stripping of dissolved gases. The pH is calculated from the electroneutrality balance. However, it does not take into account activity corrections or ionpairing. Also, the precipitation of mineral phases in the digester (such as calcite or struvite) is not accounted for in the default version. The ADM1 has been used for designing, diagnosing, and optimising industrial wastewater treatment plants. For instance, Batstone & Keller () have studied the impact of pH control on calcite precipitation in an anaerobic digester treating recycling papermill wastewater. The ADM1 has also been used to analyse the treatment of municipal sludges by anaerobic digesters (Parker ) .
Physico-chemical processes include acid-base equilibria, complexations, precipitation/dissolution of mineral phases, ion exchange, adsorption and gas-liquid mass transfer. These phenomena are often underestimated in modelling, although they impact wastewater treatment operations. Batstone () states that 'proper [physicochemical] characterisation would allow process wide improvements, substantial cost and resource use reductions, and allow better recovery of the valuable components in wastewater and other residual streams'. Arguably, the initial aqueous model of the ADM1 has limitations and must be improved. According to Batstone et al. () , 'two critical issues [ ] are adding precipitation as a process and an integrated approach for handling nonideal behavior' (i.e. activity corrections, ion-pairing, temperature effects, etc.). To resolve these issues, several developments of the chemical model have been proposed. Zhang et al. () extended the ADM1 by considering dissolved calcium and magnesium ions, inorganic phosphorus and nitrogen in the physico-chemical framework. This made it possible to explore the effect of metal ions on anaerobic digestion efficiency, and calculate the extent of several mineral precipitates. However, their approach did not account for activity corrections or ion-pairing. Solon et al. () and Tait et al. () have developed a physico-chemical framework to estimate the importance of non-idealities (ionic strength and ion pairing) for the response of the ADM1. They showed that activity corrections are required for reliable pH calculations in situations where the ionic strength is above 0.2 M. They also concluded that ion-pairing was of less importance, provided that precipitation phenomena are excluded. However, their approach requires defining a priori all possible species generated from the components, so that the system may not be versatile enough when studying wastewaters with variable quality. In the same way, Flores-Alsina et al. () developed a chemistry module that can be interfaced with various wastewater treatment models. This makes it possible to deal with non-ideality in plant-wide process simulations. Lizarralde et al. () proposed a methodology to deal with physico-chemical transformations in general wastewater treatment models (not restricted to ADM1).
As already mentioned, mineral precipitation may disturb the operation of the digester. Including precipitation phenomena in the ADM1 is critical, as precipitation is coupled to all physico-chemical processes (it mobilises soluble species, affects the pH, and can modify gas stripping). This requires considering ion-pairing and activity corrections, for estimation of the saturation index with respect to mineral phases. Both equilibrium and kinetic precipitation models have been proposed. Very few studies properly addressed mineral precipitation within the framework of the ADM1, with most advanced work and methods PHREEQC is a powerful software from USGS (United States Geological Survey) that can handle solid-liquid-gas phase calculations, mixing of solutions, addition of reactants, ion-exchange, surface complexation, kinetic rates, and much more (Parkhurst & Appelo , ) . It has superior chemical speciation capabilities, thanks to its sophisticated aqueous model. Activity corrections are performed thanks to the so-called WATEQ aqueous model (which is a combination of Davies equation and extended Debye-Hückel equation at high ionic strength). The extensive thermodynamic database makes it possible to take into account ion-pairing effects and complexations. Equilibrium data concerning organic acids involved in the ADM1 have been merged with the default database (Huber et al. ) . The influence of temperature on reaction constants is taken into account in most cases (through either standard enthalpy and the van 't Hoff equation, or an ad hoc analytic equation). It should be mentioned that the internal consistency of the thermodynamic databases is not guaranteed. The ability of PHREEQC to resolve kinetic rates coupled to the system of chemical equilibria opens possibilities to implement the full ADM1 within a single software. That is an advantage compared with other chemical equilibrium codes such as MINTEQ (Gustaffson ) , which have been used as external chemical modules in wastewater treatment modelling (Barat et al. ) . Lastly, PHREEQC is open source, well documented, well referenced and free to use.
The objective of this work is to implement the ADM1 directly in PHREEQC. This makes it possible to take advantage of its aqueous model and speciation capabilities. Thus, complex wastewater quality and multiple minerals' precipitation can be studied with very little programming effort.
METHODS

Brief recall of ADM1 rates
The ADM1 is fully described in Batstone et al. (a) . The biochemical rate coefficients and kinetic rate equations are expressed in a Petersen matrix format (Petersen ) . Each kinetic process consumes reactants and generates products, according to a given stoichiometry (Table 1) . For instance, process 5 (Uptake of sugars) consumes sugars and produces butyrate, propionate, acetate, soluble hydrogen, inorganic carbon and nitrogen, and sugar degraders.
Note that our implementation follows Batstone et al. (a) , so that phosphorus is not involved in the biochemical scheme. Phosphorus is considered only in the chemical speciation.
Organisation of the PHREEQC code
A chemical simulation in PHREEQC is described by various blocks.
As a prerequisite, new chemical elements may be listed with the SOLUTION_MASTER_SPECIES block (if missing in the original thermodynamic database). Then, the reactions involving these new species must be tabulated (together with reaction constants) under the SOLUTION_ SPECIES block. Note that no additional elements are required when using the database supplied by Huber et al. () , which contains already all definitions and reactions involving organic acids. The kinetic rates are coded under the RATES block, using the embedded Basic interpreter. The intrinsic strength of the PHREEQC approach is that information about chemical species (pH, activities, saturation index, etc.) can be readily accessed within the kinetic rates definitions. The SOLUTION_MASTER_ SPECIES, SOLUTION_SPECIES and RATES blocks may belong to the thermodynamic database.
The simulation itself starts with the definition of the solutions, using the SOLUTION block. Here, the total amounts of chemical elements to be speciated are listed, together with initial pH and temperature (note that in the reference case, pH is calculated from the resolution of the chemical system, using the -charge switch). For our implementation we need three solutions: SOLUTION 0 is the influent that recharges the reactor, SOLUTION 1 must be defined but is not used (see later) and SOLUTION 3 is the reactor itself. The kinetic rates (and their stoichiometry) to be resolved in equilibrium with the reactor are listed under the KINETICS 3 block. In order to simulate perfect mixing kinetics in the reactor (continuously stirred tank reactor (CSTR)), we use a sequence of mixing with the influent and kinetic resolution that is performed by the MIX and TRANSPORT blocks (see details later). Finally, it is convenient to visualise the resolution of the model in real time using the USER_GRAPH blocks. The model output is saved to a tabulated text file using the SELECTED_OUTPUT block.
Simulating the precipitation of mineral phases requires addition of an EQUILIBRIUM_PHASES block. The following code specifies the mineral phases to maintain equilibrium with, the target saturation index (here SI ¼ 0) and the initial amount (set to zero here, so that only precipitation is allowed):
EQUILIBRIUM_PHASES 3 CaCO3(Calcite) 0 0 Struvite 0 0 Ca(HPO4)(H2O)2 0 0 #…other mineral phases, target SI, initial amount Regulating the pH using various chemicals can be simulated in the present implementation by maintaining equilibrium with a fictive phase that represents [H þ ]. This requires 
modifying the PHREEQC code to specify the target pH and the chemical to be used for pH regulation. For instance, if we want to operate the digester at lower pH (say 7.2) by using hydrochloric acid, we append the PHASES and EQUILIBRIUM_PHASES blocks as follows:
HCl #…other mineral phases This additional code calculates the amount of HCl required to maintain pH ¼ 7.2 at all times in the digester. In the same way, we may regulate the pH to a higher value with sodium hydroxide. Any other chemical made of elements designated in the thermodynamic database can be used for this purpose.
The corresponding detailed PHREEQC code is given in supplementary material. An Excel file is supplied as well to conveniently prepare the PHREEQC input file.
Components
The main difference between the original ADM1 and the present implementation is that some components are part of the chemical system to be resolved by PHREEQC, while others are chemically inert (Table 1) . Also, all physico-chemical calculations are left to PHREEQC, so that the chemical equilibria system is slightly different (and more extensive) than in the original ADM1.
Components which are included in the chemical speciation (organic acids, inorganic carbon and nitrogen) are designated as SOLUTION_SPECIES in PHREEQC. Their current amount is governed by biochemical rates and the Petersen matrix stoichiometry. Their time evolution is tracked by adding or subtracting corresponding amounts from the reactor SOLUTION.
Components which do not participate in the chemical speciation (particulates, dissolved substrates, gases and inerts) are treated as kinetic reactants in PHREEQC. Their current amount is tracked by dedicated rates which are not directly related to the system of chemical equilibria (but that can use information from the chemical system). As kinetic reactants are not included in the PHREEQC chemical system, their mass balance must be accounted for separately. The differential mass balance for kinetic reactant X in the CSTR consists of a flow term R f (recharge from influent), a production term R p and a decay term R d :
The flow term describes the recharge of the reactor from the influent over time interval dt:
where X is the current concentration of the considered kinetic reactant, X 0 is the concentration in the influent and t R is the reactor residence time.
The production term arises from the stoichiometry of the Petersen matrix:
where Y i and r i are the yield and the rate of the reactions producing X, respectively. For gas species, the production term is also affected by stripping rates. The decay term describes disintegration of particulates or death of bacteria (as first order kinetics):
where k is the decay rate constant.
Kinetic rates
The new kinetic model comprises kinetic reactant rates, biochemical rates and gas stripping rates. The model must also account for generation of inorganic carbon and nitrogen from bacteria lysis. The required kinetic rates are briefly described below (please see the detailed rates definition in the supplementary material). All kinetic reactants rates follow the general scheme described above (with flow, production and decay terms) ( Table 2 ). The set of biochemical rates (Table 3) is identical to the rates proposed in the original ADM1. They only read the current amount of chemical species and pH from the PHREEQC chemical equilibria system. These rates modify the amount of components in the speciation according to the Petersen matrix coefficients. The gas stripping rates (Table 4 ) are similar to those given in the original ADM1. Only the carbon dioxide stripping rate uses the PHREEQC speciation to read the current amount of dissolved CO 2 . Inorganic carbon and nitrogen released upon the death of bacteria are tracked with separate rates. Note that consumption of inorganic carbon from hydrolysis of lipids is also accounted for here ( Table 5) .
Resolution of the chemical system
The set of kinetic rates is resolved by PHREEQC while taking into account all chemical equilibria already implemented in the thermodynamic database (for instance pH effects, calco-carbonic equilibria, complexations with organic acids, etc.). After each internal integration step, PHREEQC seamlessly performs a full chemical speciation of the gas-liquid-solid phase system. The effect of ionic strength on activity coefficients is accounted for. Dissolution and equilibrium phenomena of several mineral phases (including calcite) can be accounted for as well. The numerical values of the stoichiometry coefficients, inhibition parameters, and kinetic constants, together with solution definitions, are taken from the Benchmark Simulation Model BSM2 (Rosen & Jeppsson ) . Note that physicochemical parameters are not used, as they are directly managed by PHREEQC. All constants, operating conditions of the digester and influent definitions can be found in the supplementary material. The system of kinetic rates is quite stiff and must be resolved with an implicit solver (using thecvode switch in PHREEQC). Note that the PHREEQC approach is equivalent to a large scale DAE (Differential Algebraic Equations) system (i.e. all reactions other than defined in the Petersen matrix are considered to be instantaneous). 
CSTR implementation
By default, PHREEQC resolves batch kinetic rates. In continuous mode, that is equivalent to a plug flow-through reactor. However, that is of little practical relevance for anaerobic digesters, which are usually well mixed (although some plug flow reactors are operated for high solids conditions (Batstone et al. )). In order to simulate a CSTR, we perform a recharge with a small fraction (m) of influent, calculate the corresponding mix, then resolve the batch kinetic rates over a finite time step (Δt) (Figure 1) . The time step Δt corresponds to the duration for displacing the fraction m of the reactor volume. For a reactor of volume V, and inlet flow rate Q, we have t R ¼ V=Q, which we discretise as t R ¼ V=(ΔV=Δt). Setting m ¼ ΔV=V, thus we have Δt ¼ mt R . The sequence of recharges, mixing and batch kinetics is equivalent to CSTR kinetics. In order to automate this sequence, we use the methods proposed in Appelo (). It makes use of the TRANSPORT block in PHREEQC to simulate the recharge of the reactor. The simulated system actually consists of a column (SOLUTION 1, not used here) connected to a stagnant cell (SOLUTION 3, i.e. the CSTR) that is recharged by the influent (SOLUTION 0). Note that no reactive transport calculation is performed here: the transport code is set to only displace a fraction m of the reactor volume by the influent solution.
We set m ¼ 0:001, t R ¼ 20 days, so that Δt ¼ 1, 728 s. To reach the steady state of the CSTR, it is recommended to resolve the system over 200 days (Rosen & Jeppsson ) , so that the mixing/kinetics sequence must be calculated over 10,000 time shifts.
RESULTS AND DISCUSSION
Comparison with reference values
The steady-state output of the PHREEQC implementation was firstly compared with that of the BSM2 (Table 6 ). The agreement was generally good. However, the pH calculated with PHREEQC was significantly lower than with BSM2. This modified the speciation of inorganic carbon and nitrogen. Especially, the resulting NH 3 level was lower. As the ADM1 is quite sensitive to the free-ammonia-inhibition of acetoclastic methanogenesis, this caused lower acetate levels and higher acetate degrader levels. Similar behaviour 
Stripping_H2
Stripping of dissolved hydrogen to the gas phase Similar to ADM1
Stripping_CH4
Stripping of dissolved methane to the gas phase Similar to ADM1
Stripping_CO2
Stripping of dissolved carbon dioxide to the gas phase Similar to ADM1, using dissolved CO 2 calculated from the chemical speciation has been observed by Solon et al. () when taking into account non-ideality corrections in the ADM1. If we disable the activity correction in the PHREEQC aqueous model (by setting a very high value for a and a null value for b in the WATEQ definition for each soluble species), the output gets close to the BSM2 values. In this scenario, we used the thermodynamic database of PHREEQC and made no attempt to match the ion-pairing scheme of the original ADM1. This confirms that ion-pairing effects are much smaller than activity corrections in these conditions (ionic strength calculated by PHREEQC was 0.170 M). The evolution of the digester state as calculated with the PHREEQC implementation is illustrated in Figure 2 . As the initial values for the digester in the BSM2 are very close to the steady-state values, we performed a run with all degraders' concentrations initialised to 0.1 gCOD/L. As the initial value of the acetate degrader X_ac is lower than in the reference scenario, the acetoclastic methanogenesis is slower, giving rise to higher initial levels of acetic acid, hence lowering the pH. Afterwards, most variables approached the previous steady-state values within 50 to 80 days.
Complex wastewater quality and mineral precipitation
The major strength of the present implementation is that the impact of additional chemical elements can be assessed, without having to recode anything in the model. For instance, if the influent contains calcium, we only need to add the total calcium concentration in the solutions definition, and PHREEQC will calculate the full corresponding speciation at each kinetic step (through parsing of its thermodynamic database). After listing the total calcium concentration, all calco-carbonic equilibria, calcium complexations with organic acids, and other calcium related equilibria are automatically taken into account, with corresponding effects on ionic strength, pH, etc. Therefore we can effortlessly take into account complex wastewater compositions, well beyond the original definition of the ADM1 (which includes only organic acids, inorganic carbon and nitrogen). In practice, there is no limitation to the number of elements that can be added to the chemical system and therefore to the complexity of the wastewater composition. If the element is not present in the default database, it can be added, with a corresponding set of reactions.
We have simulated a sudden load of dissolved minerals coming from the influent, and calculated the evolution of the saturation indices of several mineral phases that could possibly precipitate in the digester (Figure 3(a) ). The influent contained calcium, magnesium and phosphorus in addition to the other species listed in the BSM2 reference (concentrations set to values listed in Van Rensburg et al. PHREEQC seamlessly considered 58 corresponding soluble species, from its ion-pairing scheme. The nine considered mineral phases were selected from a list proposed by Mehta & Batstone () , and added to the PHASES block in PHREEQC. The supersaturation S of the solution with respect to a given mineral phase is defined as S ¼ IAP=Ks, where IAP is the ionic activity product and Ks is the solubility product. The saturation index SI is defined as SI ¼ log (S). If a solution has SI < 0, precipitation is not possible, as the solution could dissolve more solids before reaching equilibrium. If a solution has SI > 0, it could precipitate some solid in order to reach equilibrium (which corresponds to SI ¼ 0). In steady-state conditions (i.e. after resolving the ADM1 for 200 days), it appears that the digester is clearly supersaturated with respect to calcite (SI ¼ 1.28) and struvite (SI ¼ 0.78), and also with respect to Ca(HPO 4 ):2H 2 O to a lesser extent (SI ¼ 0.17).
In the previous scenario, the supersaturated mineral phases were not allowed to precipitate. We may calculate the impact of simultaneous precipitations, by maintaining equilibrium with the given phases. If we allow simultaneous precipitation of all nine selected mineral phases, we end up with calcite and struvite precipitates in the digester (Figure 3(b) ). Note that Ca(HPO 4 ):2H 2 O which was initially supersaturated does not precipitate, as calcite and struvite precipitates have mobilised a large amount of dissolved calcium and phosphorus. In steady-state conditions, we may form 236 mg/L of calcite precipitate (out of a potential 250 mg/L, considering a limiting inlet calcium concentration of 100 mg/L) and 395 mg/L of struvite precipitate (out of a potential 504.8 mg/L, considering a limiting magnesium inlet concentration of 50 mg/L). In these conditions, the effect of mineral precipitation on pH was limited (steady-state pH ¼ 7.323 compared with pH ¼ 7.339 when precipitation was not allowed). That slightly increased CO 2 stripping and increased biogas production by 0.5%. The precipitation of struvite lowers the total dissolved phosphorus from 150 mg/L down to 103.8 mg/L. This is very important, as speciation determines the partition between soluble phosphorus that is available for micro-organisms and precipitated phosphorus (Batstone et al. ) . The free calcium concentration [Ca þ2 ] results from various physico-chemical phenomena: with a total calcium concentration of 100 mg/L, ion-pairing effects reduce [Ca þ2 ] down to 50.5 mg/L, while additional precipitation of calcite lowers [Ca þ2 ] down to 5.4 mg/L. The free calcium concentration (together with other cations) is critical to determine sludge granulation and retention (Yu et al. ; Pevere et al. ) .
Admittedly, precipitation may be a slow process, so that maintaining equilibrium with mineral phases may over-estimate precipitated amounts. In the following, we considered precipitation kinetics for calcite and struvite. We used the kinetic framework proposed by Kazadi Mbamba et al.
(a), with precipitation rates of the form:
where r is the mineral precipitation rate, k is the kinetic rate coefficient, X is the current concentration of precipitate, n is the order of the precipitation reaction and σ ¼ 10 (1=m)SI À 1 is the relative supersaturation, where m is the number of ions in the molecular formula of the solid phase.
Two additional kinetic rates for calcite and struvite were coded and resolved simultaneously with all previous rates. We used the following parameter values: for calcite Table 3 , Experiment 2 in Kazadi Mbamba et al. (a). Of course, calcite and struvite must be removed from the list of mineral phases to maintain equilibrium with, in the EQUILIBRIUM_PHASES block. Note that PHREEQC automatically links the newly defined kinetic reactants (CaCO3(Calcite) and Struvite) to the corresponding mineral phases in the speciation scheme. When considering the kinetic rates for precipitation, the saturation index must firstly reach positive values for precipitation to start, then slowly decreases as precipitation proceeds (Figure 4) . This delays the onset of precipitation, which mimics growth limitation from nucleation (although induction time and nucleation kinetics are not accounted for here). In steady-state conditions, the precipitated amounts for both calcite and struvite are only slightly lower than in the case of instant equilibrium with mineral phases. That is because the precipitation kinetic constants are small compared with the reactor residence time.
Ionic strength
We have already shown that neglecting activity corrections in reference conditions leads to significant pH discrepancies. In order to investigate the effect of ionic strength itself on the response of the ADM1, we have modified the amount of inert Cation and Anion species in the influent. The pH of the influent was set to that of the reference value (¼6.783), instead of recalculating the initial pH from the speciation of all incoming ionic species. Note that we cannot go below an ionic strength of 0.151 M, as this would require modifying the amount of species that participate in biochemical processes (such as inorganic carbon, organic acids, etc.). Increasing the ionic strength causes the pH to decrease ( Figure 5) . Also, the saturation index of calcite and struvite considerably decrease accordingly. This is due to both direct activity effects and also coupling with the biochemical processes (which depend on pH and inorganic carbon and inorganic nitrogen speciation). Therefore, considering ionic strength effect is critical to predict scaling problems in anaerobic digesters. The effect of ionic strength on biogas production is found to be negligible in these conditions (not shown). 
pH regulation
It may be of practical interest to regulate the pH within the digester, to prevent inhibition from acidification or to limit mineral precipitation.
In the following example, we have regulated the pH to 7.2 using hydrochloric acid, while maintaining equilibrium with all previous mineral phases ( Figure 6 ). Regulating the pH to more acidic conditions effectively limits the precipitation of calcite and struvite (Figure 7(a) ). This may, however, require large amounts of hydrochloric acid. When operating the digester at lower pH, the flow rate of biogas increases. That is due to increased CO 2 stripping in acidic conditions, as a higher fraction of inorganic carbon is under the form of dissolved CO 2 . This tends to dilute the biogas, with a lower partial pressure of methane in the digester headspace (Figure 7(b) ).
Other physico-chemical phenomena
Ion-exchange and adsorption processes on solid matter may alter physico-chemical conditions in the digester. Reaction with organic solids may be of importance in high solids conditions. Sludge matter generally features an anionic surface charge that may exchange cations. That is expected to modify supersaturation with mineral phases; hence precipitation risks. These phenomena could be considered in future implementations of the PHREEQC simulation through the EXCHANGE and SURFACE features, which consider ion-exchange and surface complexation, respectively. 
Towards plant-wide simulations
Finally, PHREEQC can be interfaced with other software, so that it can be integrated within process simulations (Huber et al. ) . For instance, the PHREEQC code can be executed from Matlab, through the IPhreeqc COM object (Charlton & Parkhurst ) . The present CSTR model can be directly used in other process simulation software in order to accurately take into account electrolyte chemistry for plant-wide modelling. That makes it possible to calculate recirculation loops in water treatment operations, and predict precipitation phenomena. Admittedly, interfacing issues with the ASM (Activated Sludge Model) must be handled.
CONCLUSIONS
The ADM1 has been implemented in the PHREEQC chemical speciation engine. Thanks to its superior aqueous model, we can resolve most of the inherent physico-chemical limitations of the ADM1. Admittedly, the predictions of the present model should be checked against experimental anaerobic digestion data in high ionic strength conditions. The model digester can be fed with any wastewater quality. The impact of multiple minerals' precipitation on the digester state can be simulated, with either an equilibrium or a kinetic framework. Controlling the pH in the digester using various strategies and chemicals can be evaluated and consequences for biogas production and mineral precipitation can be anticipated. All these features can be accessed with very little programming effort. The corresponding PHREEQC code is distributed as a stand-alone file, together with the modified thermodynamic database. It can be interfaced with process simulation software, which opens ways to develop plant-wide simulations.
